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Abstract  
In capillary electrophoresis (CE) analysis, acetonitrile-salt stacking (ASS) is an efficient way for enhancing the response 
signal of the analyte which is dissolved in the aqueous medium of acetonitrile and NaCl. The higher volume fraction of 
acetonitrile (60 to 80 %) in the sample medium is strictly demanded if ASS is conducted. Consequently, it is necessary to 
develop a convenient method for converting the water-based sample to the acetonitrile-based sample without any dilution 
of the analyte during the sample preparation procedure. Acetonitrile subzero temperature liquid-liquid extraction 
(ASTLLE) is the best choice for this purpose. ASTLLE is based on the unique property of acetonitrile that a phase 
separation can occur if the homogenous mixture solution of acetonitrile and water is kept at a subzero temperature for a 
short period. The upper layer is the acetonitrile-rich phase, and the lower layer is the water phase. Accompanying the 
phase separation, the analytes of relatively weak polarity such as mononitrophenol isomers (at acidic condition) can be 
transferred to acetonitrile-rich phase. The volume fraction of acetonitrile in the formed acetonitrile-rich phase was 
estimated on the basis of its viscosity which was determined by CE instrument. It was confirmed that the volume fraction 
of acetonitrile in the formed acetonitrile-rich phase was in the range of 70 – 80 % (v/v), indicating that the sample 
processed by ASTLLE met the ASS demand for high volume fraction of acetonitrile. The combination of ASTLLE and 
ASS was successfully applied to the analysis of mononitrophenol isomers in acidic aqueous solution. The precisions (RSD) 
of the migration time and peak area for six replicate runs of the three mononitrophenol isomers were in the range of 
1.1~1.3 % and 5.5~8.5 % respectively. The lowest detection limit of mononitrophenol isomers was 1×10-4 g mL-1. 
The recovery ranged from 96.1 to 113.4 %. 
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1 Introduction 
After several decades’ development in the separation theory and the instrumental configuration, capillary 
electrophoresis (CE) has become a popular and powerful tool for separation and analysis. However, online 
enhancement for the analytes of interest is still a hot topic in the CE application field [1]. A plenty of online 
enhancement methods are steadily developed and relevant reviews are frequently published. Of these 
enhancement methods, one is referred to as acetonitrile-salt stacking (ASS) which was firstly proposed by 
Shihabi [2]. Afterwards the application of ASS [3-10] and its stacking mechanism [11-13] were reported. A 
special composition of final sample solution is required for conducting ASS. As reported in these literatures, 
the volume fraction of acetonitrile in the final sample solution used for injecting onto the capillary to fulfill 
ASS is more than 60 %. Therefore, the water-based sample has to be pretreated to reach the demand of high 
acetonitrile volume fraction. If the water-based sample is pretreated by simply mixing a small volume of 
sample aqueous solution with a large volume of acetonitrile, the diluting effect caused in the process of 
sample preparation will partially sacrifice the concentration effect of ASS.  
Generally, acetonitrile is regarded to be infinitely miscible in water. However, it is not always the case. It 
was recently reported that in the following three special cases, the phase separation can occur for the mixture 
solution of acetonitrile and water. The first case refers to the phase separation induced by salt that enough 
amounts of inorganic or organic salts are added to the mixture of acetonitrile and water [6, 14-17]. The second 
case refers to the phase separation induced by sugar that enough amount of monomeric or disaccharide sugars 
are added to the mixture of acetonitrile and water [18-21]. The third case refers to phase separation induced by 
low temperature that the mixture of acetonitrile and water is kept in a low-temperature refrigerator (from -40 
C to -10 C) for a short period [22-25]. The common place of the three cases mentioned above is that the 
upper layer as the consequent phase separation is acetonitrile-rich phase and the lower phase is water-rich. 
Accompanying the phase separation, the analytes distribute between the newly formed two phases. The 
relatively hydrophobic analytes favor the upper layer, and relatively hydrophilic analytes favor the lower layer. 
The extraction approaches related to the phase separation induced by the three conditions are termed as 
salting-out extraction [6, 14-17], sugaring-out extraction [18-21] and acetonitrile subzero-temperature liquid-
liquid extraction (ASTLLE) [22-25], respectively. Obviously, both salting-out extraction and sugaring-out 
extraction need a huge amount of one foreign substance to be added to the water-based solution. The addition 
of huge amount of foreign substance increases the risk of the interference resulted from chemical and physical 
factors to the following analysis [16]. More importantly, according our preliminary study, the content of salt in 
the resultant sample solution remarkably influences the response (peak height or area) of analytes in the 
electropherogram. Compared with the two extraction methods, the ASTLLE does not need any foreign 
substances spiked to the initial sample solution to carry out the medium replacement from water-based 
solution to acetonitrile-rich solution. 
The aim of this paper is to demonstrate the feasibility of ASTLLE serving as a sample preparation method 
for ASS. Three mononitrophenol isomers were chosen as the model compounds.  
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2. Experimental 
2.1 Reagents and Instrumentation 
All chemicals used in this work were of analysis reagent grade except acetonitrile was of HPLC reagent 
grade. The local tap water and melting snow water were chosen as the analytical samples. 
All separation experiments were performed on a Beckman P/ACE MDQ capillary electrophoresis system 
(Beckman USA) equipped with a UV detector. Bare fused-silica capillary was bought from Refine Factory 
(Handan, Hebei Province, China). The total length of the capillary was 60.2 cm, and the effective length from 
the inlet of the capillary to the detection window was 50 cm and the inner diameter was 75 m. A DW-FL90 
ultra-low temperature frozen refrigerator bought from Zhongke Low Temperature Technique Company 
(Anhui province, China) was utilized to carry out ASTLLE for the samples. The determination of viscosity by 
CE is adapted from the method described in literature [27, 28]. 
2.2 ASTLLE-ASS  
The process of ASTLLE is illustrated in Fig.1 and the process of ASTLLE-ASS is described as follows:  
In step 1, An aliquot of 5 mL of sample aqueous solution was acidified with addition of 10 L of 1.5 M 
phosphoric acid in a 15 mL of test tube with plastic stopper. The aim of this step is to ensure the selected 
mononitrophenol isomers in their hydrophobic forms by adjusting the sample pH lower than their pKa values 
[26].  
In step 2, the acidified sample aqueous solution was mixed with 3 mL of acetonitrile, and then the mixture 
was shaken with vortex for 1 min. 
In step 3, the homogenous solution of acetonitrile and water was placed in a refrigerator where the 
temperature was set at one of the values of -20, -25, -30, -35, -40  and it was kept there for 35 min.  
The aim of step 4 is to mix the extract from ASTLLE with NaCl which is also needed by ASS. An aliquot 
of 0.5 mL of upper layer was transferred to 1 mL vial and then it was mixed with 20 L 1 M NaCl by a vortex 
for 30 s. The solution was filtered with a 0.45 m organic membrane. 
The aim of step 5 is to introduce the processed sample into the capillary of CE.  
5mL
10 L 1.5 M
phosphoric acid
Added 3mL ACN
with vortex
f rozen at -35 oC
for 35 min.
20 l 1 M
NaCl
transferred
0.5mL to 1 mL
vial
0.5mL
phase
formation
5mL 5mL
3 mL
 
Fig.1 Schematic diagram of ASTLLE3 Results and discussion 
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3.1 Optimization of ASS 
In order to combine ASTLLE with ASS, the optimization of ASS was firstly carried out. The two key 
factors influencing the enrichment of ASS were the amounts of NaCl and acetonitrile in the final sample 
solution.  
The effect of amount of NaCl in the final sample was investigated by changing the concentration from 20 
mM to 100 mM. Experimental results showed that the peak areas for the three compounds increased with the 
addition of NaCl up to 40 mM, and then reached a plateau. Further addition of NaCl resulted in a slight 
decrease in peak areas. Therefore, 40 mM of NaCl was chosen. 
The influence of the amount of acetonitrile in the final sample solution was investigated in the range of 0-
80 % (v/v) while keeping the other parameters constant. Experimental results indicated that the peak areas 
increased with the increase of acetonitrile in the final sample solution up to 70 %, and then reached a plateau. 
The acetonitile content larger than 80 % resulted in an unstable electric current across the capillary, and even 
breaking down. So, 70 % - 80 % (v/v) of acetonitrile in the final sample was the optimal acetonitrile 
concentration range for ASS.     
3.2 Optimization of ASTLLE  
At room temperature acetonitrile is definitely miscible with water, while the equilibrations in the 
homogeneous mixture solution formed by water and acetonitrile will be broken and a phase separation can 
occur if the mixture solution is placed at a temperature lower than -10  for a while. The upper layer is 
acetonitrile-rich phase and lower layer is the water-rich phase. With the phase separation some fractions of the 
analytes will be transferred to the upper layer. This extraction for analytes is referred to as ASTLLE. The 
three factors such as the specific low temperature, the time period of the acetonitrile-water mixture at low 
temperature (extraction time) and the initial volume ratios for water and acetonitrile were considered as the 
dominant factors in ASTLLE. 
The effect of subzero temperature on extraction of the three compounds was studied from -20  to -40 . 
Experiments showed that the peak heights for the three compounds almost kept constant when the 
temperature changed in the range between -30  to -40 , and the peak heights were remarkable higher than 
those at the temperature ranging from -20  to -25 . 
The effect of the extraction time from 20 to 45 min was examined. The peak areas increased when the 
extraction time was less than 35 min. When the extraction time was more than 35 min, the boundary of the 
two phases was not clear due to the formation of some frozen particles in this region. If the extraction time 
was longer than 45 min, the mixture solution changed into an icy block and the phase separation disappeared. 
So, 35 min was chosen as the optimal extraction time.  
The initial volume of acetonitrile had a direct effect on phase separation. The effect of the amount of 
acetonitrile ranging from 3 mL to 5 mL mixed with 5 mL sample solution was studied. Experiment showed 
that the lower the fraction of acetonitrile in the sample solution was, the higher the peak areas for the three 
isomers were. However, if the volume of acetonitrile was lower than 3 mL, the boundary between the two 
phases was not clear. So, 3 mL acetonitrile was chosen for the next study. 
3.3 Estimation of the fraction of acetonitrile in the sample processed by ASTLLE 
The optimal fraction of acetonitrile in sample solution for ASS was determined in the range of 70-80 %. If 
the fraction of acetonitrile in the upper layer formed after ASTLLE was just falling down to the range 
required by optimal ASS, the ASTLLE would be used as a convenient sample preparation approach 
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incorporated to the ASS. Consequently, the faction of acetonitrile in the sample processed by ASTLLE was 
indirectly estimated. As illustrated in the literature [29], there existed an approximately linear relationship 
between the solution viscosity and acetonitrile fraction varied from 30 % to 100 % (v/v) in the mixture 
solution of acetonitrile and water. The acetonitrile content could be readily estimated if the viscosity for the 
upper layer after processed by ASTLLE was obtained. As reported in literatures [27, 28], CE was a 
convenient tool for the determination of solution viscosity. The basic principle and its procedure were 
described in item 2.4 of the experimental section. The viscosities of the upper layer after processed ASTLLE 
for different initial volumes of water and acetonitrile were calculated. The determined acetonitrile contents in 
the upper layer formed after ASTLLE were within 70-80 %, which was coincident to the optimal acetonitrile 
content range required by ASS. This result indicated that ASTLLE could be used as a sample preparation 
method incorporating ASS. 
3.4 The merits of ASTLLE-ASS and its application  
The electropherograms were given in Fig.2 for the samples either processed with different sample 
preparations or separated with different electrophoretic conditions, namely, (A) untreated sample-normal 
capillary electrophoresis, (B) ASTLLE-normal capillary electrophoresis, (C) untreated sample-ASS, (D) 
ASTLLE-ASS. The labels of A, B, C and D had the same meanings as indicated in Fig. 2. It was noted that 
the analytes concentrations for the four different conditions (A), (B), (C) and (D) were not the same. The 
analytes concentrations for cases A, B, and C were 10 mg/L while the analytes concentrations were 30 mg/L 
for Fig. 2(C). As demonstrated in Fig. 2, cases B and C had a similar enhancement for the three isomers, and 
case D corresponding to ASTLLE-ASS had the best enhancement effect among these methods. The 
enhancement factors for 2-, 3- and 4-nitrophenols, which were defined as the peak areas ratio between 
processed by ASTLLE-ASS and untreated sample-normal capillary electrophoresis, were 93, 95 and 76 
respectively. In the previous report [30], a method named pH-mediated dual-cloud point extraction was also 
applied to the preconcentration of 2-nitrophenol. However, the enhancement factor for m-nitrophenols was 
only 22.5 by dual-cloud point extraction method. Moreover, a delicate skill was needed to perform dual-cloud 
point extraction. Compared with these methods mentioned above, ASTLLE-ASS was the easiest and most 
efficient method for enhancing mononitrophenol isomers signals in CE.  
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Fig. 2 A comparison of electropherograms of samples processed with different sample preparation methods and analyzed with different 
electrophoresis conditions.  
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A: untreated sample-normal capillary electrophoresis. The sample containing 10 mg L-1 of each interested analyte was injected onto 
capillary at the pressure of 0.5 psi for 5 s and then analyzed with normal CE. B: ASTLLE-normal capillary electrophoresis. The sample 
containing 10 mg L-1 of each interested analyte processed with ASTLLE at temperature -30 for 35 min was injected onto the capillary 
at the pressure of 0.5 psi for 5 s and then analyzed by CE. C: untreated sample-ASS. The sample containing 30 mg L-1 of each interested 
analyte processed with 70% acetonitrile and 40 mM NaCl was injected at the pressure of 0.5 psi for 30 s into CE and then analyzed by 
CE.D: ASTLLE-ASS. The sample containing 10 mg L-1 of each interested analyte processed with ASTLLE at temperature -30 for 35 
min was injected onto the capillary at the pressure of 0.5 psi for 30 s into CE and then analyzed by CE. Peak identification: 1: 3-
nitrophenol; 2: 4-nitrophenol; 3: 2-nitrophenol. 
Analytical characteristic data of the ASTLLE-ASS for the determination of mononitrophenol isomers was 
summarized in Table 1. The accuracy of the developed method for determination of 3-, 4- and 2-nitrophenols 
was checked by analyzing two environmental water samples spiked with 5 mg/L of 3-, 4- and 2-nitrophenols. 
The recoveries obtained from standard addition calibration were ranged from 96.1 % to 113.4 % as listed in 
Table 1. 
Table 1 Analytical data of combination method for 2-, 3- and 4-nitrophenols 
Analytes 3-nitrophenol 4- nitrophenol 2- nitrophenol 
Enrichment factor 95 76 93 
Precision in migration time (RSD, n=5, %) 1.1 1.2 1.3 
Precision in peak area (RSD, n=5, %) 7.2 5.5 8.5 
Detection limits ( g/L) 6.9 14 0.1 
Calibration function Y=3268+31399X (r=0.9998) Y=681+29146X (r=0.9999) Y=6901+62333X (r=0.9999)
Recovery (%) for tap water and snow water 96.4-112.6 105.7-113.4 96.1-111.2 
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